Background {#Sec1}
==========

Cities experience many adverse environmental impacts including intensified warming, due to the heat island effect \[[@CR1]\] and high atmospheric carbon dioxide (CO~2~) which prevents heat emission from the earth surface. Consequently, urban greening has been applied to mitigate the rising atmospheric CO~2~ \[[@CR2]--[@CR5]\]. Urban greening includes planting trees along the streets, park creation, and other ways that increase the green space in cities, which also provide other ecosystem services, such as clean air, shade and cooling effects, recreational and educational values \[[@CR6], [@CR7]\]. Trees make up the bulk of biomass of green space in cities and may be an effective choice to acquire significant CO~2~ mitigation, namely CO~2~ absorption (*A*) through photosynthesis. However, different tree species, and of different ages, respond to the environments differently \[[@CR8], [@CR9]\] and therefore may absorb CO~2~ at different rates. Hence, investigating the species-specific responses of urban trees to environmental conditions will improve our understanding of how different urban tree species provide the ecosystem service of CO~2~ mitigation through photosynthesis, which is needed for effective planning and management of green space to optimize land-use in the urban areas.

With these regards, we investigated the responses of *A* by urban trees through stomatal changes with varying atmospheric conditions. Specifically, we measured stomatal conductance (*g*~*s*~), which is a variable showing stomatal responses to changing environments, on nine dominant tree species at a newly established park in Bangkok in wet and dry seasons and estimated *A* using *g*~*s*~ based on a diffusion equation. Then, we characterized the tree species-specific responses of *A* to changing atmospheric conditions. Results provide useful information for selective planting of urban trees to optimize CO~2~ mitigation services of green space in cities.

Results {#Sec2}
=======

Figure [1](#Fig1){ref-type="fig"} shows environmental conditions at our site, including vapor pressure deficit (VPD), sunlight expressed as photosynthetically active radiation (PAR) and soil moisture. The PAR did not vary across the collection periods in both seasons (t-test, p = 0.34, Fig. [1](#Fig1){ref-type="fig"}a) and was relatively high, ranging 850--1000 µmol m^−2^ s^−1^ during the measurement days. The VPD was the only environmental variable that display seasonal variation (t-test, p \< 0.0001). Volumetric soil moisture was significantly higher than 70% of the field capacity (one-sample t-test, p = 0.002) and was not different between wet and dry seasons (t-test, p = 0.19, Fig. [1](#Fig1){ref-type="fig"}b).Fig. 1Environmental conditions for the study site, covering the periods of data collection. **a** Daily vapor pressure deficit (VPD) in kPa is shown as a red dashed line and sunlight, represented by photosynthetically active radiation (PAR), is displayed as a black solid line. **b** Average values of volumetric soil moisture (m^3^ m^−3^) are displayed as solid points with one standard deviation shown as an error bar. Gray line represents 70% of the field capacity of the soil at our site. Blue and red shaded regions show collection period in the wet and dry seasons, respectively

Regression analyses showed different results among these species. The CO~2~ absorption of *Millingtonia hortensis* and *Afzelia xylocarpa* displayed quadratic changes with VPD, increasing at low VPD values until about 1.3--1.6 kPa and decreasing afterwards with no seasonal difference (Fig. [2](#Fig2){ref-type="fig"}a, b; regression equations are presented in Table [1](#Tab1){ref-type="table"}). Among the studied tree species, only *Samanea saman* and *Homalium tomentosum* showed no significant responses of *A* to VPD in either season (Fig. [2](#Fig2){ref-type="fig"}c, d; p ≥ 0.19).Fig. 2Tree species with sensitive responses of the CO~2~ absorption (*A*, μmol m^−2^ s^−1^) to vapor pressure deficit (VPD, kPa) in both wet and dry seasons (**a**, **b**) and those with insensitive responses (**c**, **d**). Closed (open) symbols represent *A* averages for the wet (dry) season with one standard deviation shown as error bars. Solid lines show significant regression patterns at 0.05 level with 95% confidence intervals shown as dashed lines. Regression equations are listed in Table [1](#Tab1){ref-type="table"}Table 1Regression equations of the CO~2~ absorption responses to vapor pressure deficitSpeciesSeasonFitting equation*r*^*2*^*pnMillingtonia hortensis*Both$\documentclass[12pt]{minimal}
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In the dry season, *Dalbergia cochinchinensis* and *Tabebuia rosea* decreased logarithmically with increasing VPD (Fig. [3](#Fig3){ref-type="fig"}a, b; open symbols, Table [1](#Tab1){ref-type="table"}). However, *A* of the two tree species did not change with VPD in the wet season (Fig. [3](#Fig3){ref-type="fig"}a, b; closed symbols, p ≥ 0.61). In contrast, *A* of *Lagerstroemia floribunda, Dipterocarpus alatus* and *Bauhinia purpurea* responded to VPD in the wet season only. In *Lagerstroemia floribunda*, *A* increased at low VPD, reaching a maximum value at VPD of 2.1 kPa and declined afterwards (Fig. [3](#Fig3){ref-type="fig"}c; closed symbols, Table [1](#Tab1){ref-type="table"}) while no response of *A* was observed in the dry season (Fig. [3](#Fig3){ref-type="fig"}c; open symbols, p = 0.76). *Dipterocarpus alatus* and *Bauhinia purpurea* in the wet season significantly changed with increasing VPD in quadratic patterns, with a maximum *A* at VPD of 1.1--1.6 kPa (Fig. [3](#Fig3){ref-type="fig"}d, e; closed symbols, Table [2](#Tab2){ref-type="table"}) whereas no significant responses to VPD were observed in either species in the dry season (Fig. [3](#Fig3){ref-type="fig"}d, e; open symbols, p ≥ 0.1).Fig. 3Tree species with seasonally sensitive responses of the CO~2~ absorption (*A*, μmol m^−2^ s^−1^) to vapor pressure deficit (VPD, kPa). Species with sensitive responses in the dry season only (**a**, **b**) and those with sensitive responses in the wet season only (**c**--**e**). Closed (open) symbols represent *A* averages for the wet (dry) season with one standard deviation shown as error bars. Solid lines show significant regression at 0.05 level with 95% confidence intervals shown as dashed lines. Regression equations are listed in Table [1](#Tab1){ref-type="table"}Table 2Characteristics of trees that were selected for measurementsSpeciesDBH (cm)H (m)LAI (wet season)LAI (dry season)*Millingtonia hortensis*13.5 ± 0.76.7 ± 0.41.03 ± 0.300.86 ± 0.20*Afzelia xylocarpa*14.2 ± 2.86.2 ± 0.51.12 ± 0.210.61 ± 0.13*Dalbergia cochinchinensis*10.8 ± 1.36.5 ± 0.51.58 ± 0.241.33 ± 0.41*Tabebuia rosea*10.1 ± 1.85.4 ± 0.60.58 ± 0.240.47 ± 0.20*Lagerstroemia floribunda*11.7 ± 1.16.0 ± 0.40.79 ± 0.430.80 ± 0.31*Dipterocarpus alatus*12.5 ± 2.26.0 ± 0.70.92 ± 0.350.31 ± 0.11*Bauhinia purpurea*9.7 ± 2.86.8 ± 3.11.55 ± 0.421.36 ± 0.49*Homalium tomentosum*10.6 ± 2.37.7 ± 0.40.76 ± 0.390.65 ± 0.13*Samanea saman*13.7 ± 1.45.7 ± 0.41.50 ± 0.611.41 ± 0.30Values are averages and one standard deviationDBH is diameter at breast height in cm, H is tree height in m and LAI is leaf area index

Discussion {#Sec3}
==========

The assumption that soil water availability was sufficient for plant growth during the study period was verified. Consequently, we considered VPD as the only driver of stomatal changes, and hence *A*, in our analyses. Overall, *A* responded to VPD differently among the nine tree species. Carbon dioxide absorption (*A*) was higher in the wet season than in the dry season in all tree species, which may be attributed to decreased stomatal opening under high VPD conditions in the dry season as normally observed in several urban tree species \[[@CR10]\]. The *A* responses of the nine tree species can be categorized into those that were sensitive and insensitive to VPD as follows.

The significant responses of *A* in *Millingtonia hortensis* and *Afzelia xylocarpa* to VPD, when analyzed with pooled data, suggests that both tree species were highly sensitive to varying atmospheric humidity regardless of the seasons. In contrast, the insignificant responses of A to VPD in *Samanea saman* and *Homalium tomentosum* may be advantageous because both tree species can absorb CO~2~ throughout the year, regardless of the changing atmospheric humidity. However, the magnitude of *A* in *Samanea saman* was higher than that of *Homalium tomentosum*, implying that *Samanea saman* may be suitable for maximizing CO~2~ mitigation in the park.

Some tree species showed seasonal difference in the *A* response to VPD. For *Dalbergia cochinchinensis* and *Tabebuia rosea, A,* in the dry season, logarithmically decreased with VPD, which is typical for plants whose stomatal closure occurs when VPD rises to prevent water loss \[[@CR11]\]. However, both species did not respond to VPD in the wet season, implying that *A* was constant regardless of atmospheric conditions. In contrast, *A* of *Lagerstroemia floribunda, Dipterocarpus alatus* and *Bauhinia purpurea* only responded to VPD in the wet season and no patterns were observed in the dry season.

To illustrate the application of these results for selective planting, we performed hypothetical analyses by analyzing *A* of the entire park, assuming 500 trees were planted, under three scenarios (1) the park consists of one insensitive tree species only (insensitive; I) (2) the park contains one sensitive tree species only (sensitive; S) and (3) half of the park is occupied by one sensitive and one insensitive tree species (both; B). Based on our results, the insensitive tree species are *Samanea saman* and *Homalium tomentosum* whereas the sensitive tree species are *Millingtonia hortensis* and *Afzelia xylocarpa*. In each scenario, we considered the variations of relative *A* to the maximum (A/A~max~) with VPD in the wet and the dry season (Fig. [4](#Fig4){ref-type="fig"}) because magnitudes of A in the compared tree species were different. Additionally, we determined the absolute values of *A* which represent the amount of CO~2~ absorbed by trees in each hypothetical park (insets in Fig. [4](#Fig4){ref-type="fig"}).Fig. 4CO~2~ absorption rate relative to the maximum (A/A~max~) by the entire park across VPD ranges with all insensitive species (I, closed circles), all sensitive species (S, open circles) and half of each of insensitive and sensitive species (B, lower triangles) in the wet (**a**, **c**, **e**, **g**) and dry (**b**, **d**, **f**, **h**) seasons. Insets (small bar graphs) show the total CO~2~ absorption (500 trees) in t CO~2~ per year in each corresponding scenario

Overall, variations of A/A~max~ in *B* followed those in *I* (Fig. [4](#Fig4){ref-type="fig"}; compare closed circles and lower triangles), especially when *I* was *Samanea saman* (Fig. [4](#Fig4){ref-type="fig"}b, f) because this species yielded the highest *A*. In the case of when insensitive tree species was *Homalium tomentosum*, the patterns of A/A~max~ in *B* were also similar to *I* but the magnitudes increased compared to *I* (Fig. [4](#Fig4){ref-type="fig"}c, d, g, h). Similarly, in the wet season, overall variations of A/A~max~ in B remained relatively closer to one compared to S scenario, except in the scenario that involves *Homalium tomentosum* and *Afzelia xylocarpa* (Fig. [4](#Fig4){ref-type="fig"}g). These results suggest that *B* improved the capacity of CO~2~ absorption by the park across seasons since A/A~max~ is maintained relatively close to one across the VPD range. The amount of CO~2~ absorption by the park is ranked, from the highest to the lowest, as I \> B \> S (insets in Fig. [4](#Fig4){ref-type="fig"}). This means that planting only insensitive tree species in the park would result in a maximum total CO~2~ absorption but the capacity for the absorption under changing atmospheric conditions, such as VPD, would be optimized with mixed insensitive and sensitive tree species. We further explored this idea by including all four tree species in the analyses. In this case, we combined *Samanea saman* and *Homalium tomentosum* as I, *Millingtonia hortensis* and *Afzelia xylocarpa* as S and all four tree species as B. The analysis showed the same result with A/A~max~ variations B following I with improved magnitudes (Fig. [5](#Fig5){ref-type="fig"}). Thus, our hypothetical analyses revealed that planting insensitive tree species would maximize CO~2~ absorption and therefore enhancing the role of CO~2~ mitigation by parks. With the mixture of sensitive and insensitive tree species, the park would maintain relatively high CO~2~ absorption rates compared to the maximum, especially in the dry season when the atmospheric humidity is usually low. This selective planting scheme is suitable for designing parks that would tolerate adverse climate change impacts, such as greater frequency and intensity of droughts and the intensified warming in cities. Planting mixed tree species would also increase biodiversity in the park which may induce other useful ecosystem services, such as habitats for various animal species and beautiful scenic views due to different leaf shapes, crowns and flowers. Nevertheless, further detailed studies on the physiological responses of these species to atmospheric conditions should be performed to confirm such findings.Fig. 5CO~2~ absorption rate relative to the maximum (A/A~max~) by the entire park across VPD ranges with all insensitive tree species (I, closed circles), all sensitive tree species (S, open circles) and half of each of insensitive and sensitive tree species (B, lower triangles) in the wet (**a**) and dry (**b**) seasons. Insets (the small bar graph) show the total CO~2~ absorption (500 trees) in t CO~2~ per year in each corresponding scenario. In this case, I includes *Samanea saman* and *Homalium tomentosum* whereas S includes *Millingtonia hortensis* and *Afzelia xylocarpa* species

Conclusions {#Sec4}
===========

This study investigated specific responses of CO~2~ absorption by nine urban tree species in a newly established park in Bangkok, Thailand. Results revealed that CO~2~ absorption of two tree species (*Millingtonia hortensis* and *Afzelia xylocarpa*) significantly changed with vapor pressure deficit with no seasonal difference. Five of them (*Dalbergia cochinchinensis, Tabebuia rosea, Lagerstroemia floribunda, Dipterocarpus alatus* and *Bauhinia purpurea*) exhibited different responses of CO~2~ absorption to vapor pressure deficit between wet and dry seasons. In contrast, the CO~2~ absorption of two tree species (*Samanea saman* and *Homalium tomentosum*) did not respond to changing vapor pressure deficit in each season. These results are of great value because data of CO~2~ absorption and its responses to atmospheric conditions by urban trees in the tropics are still rare. The hypothetical analyses suggested that planting a mixture of sensitive and insensitive tree species would improve the park's capacity of CO~2~ absorption across seasons, allowing climate change adaptation to adverse environmental impacts including droughts and the urban heat island effects, and would increase biodiversity. Additionally, planting insensitive tree species would maximize the capacity of the park for CO~2~ mitigation. Nevertheless, it should be noted that this result is based on simple measurements and calculations and muse not be applied in practical situations until further detailed investigations on plant physiology are performed.

Methods {#Sec5}
=======

Study area {#Sec6}
----------

The study was conducted in the Chulalongkorn University Centenary Park (CU100), a newly established park in Bangkok (13° 44′ 02.9″N 100° 31′ 54.1″E). The elevation is 1.5 m asl \[[@CR12]\]. According to a 30-year record of climatological data (1981--2010) at a Bangkok metropolis station (Thai Meteorological Department), the mean annual air temperature is 28.6 °C with extreme maximum temperature in summer up to 39.7 °C and extreme minimum temperature in winter down to 12 °C and the mean annual rainfall is 1648 mm. The 4.48-ha park was established in 2016 and includes various types of vegetation. Based on a tree survey in February 2017, there are 706 trees of 48 species in this park. The diameter at breast height and tree height are, on average, 11.16 ± 3.39 cm and 6.73 ± 1.55 m, respectively (Table [2](#Tab2){ref-type="table"}).

Environmental variables {#Sec7}
-----------------------

Stomatal conductance is regulated by environmental factors, including air humidity, temperature, sunlight, and soil moisture. We obtained air temperature and relative humidity data from a nearby station (Air Quality and Noise Management Division of the Pollution Control Department, Thailand). The two variables were used to determine vapor pressure deficit (VPD, kPa) which indicates atmospheric humidity such that dry (wet) air corresponds to high (low) VPD.
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Sunlight was not measured at the meteorological station, but we assumed that it was not limiting because measurements were made during daytime on sunny days. To verify this assumption, we referred to photosynthetically active radiation (PAR) from another station within 5 km distance from the site. Because the park is maintained by frequent irrigation, we assumed that soil water availability was at sufficient level for plant growth (more than 70% of the field capacity of the soil) during the study period. To confirm this assumption, volumetric soil moisture was measured by collecting soil samples and measuring water content once a week to validate the assumption. Five soil samples at 5 cm depth were randomly collected at the park using soil core with 15 cm diameter and 15 cm length. Then, the soil samples were weighed for wet mass ($\documentclass[12pt]{minimal}
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Stomatal conductance (g~s~) and CO~2~ absorption (A) {#Sec8}
----------------------------------------------------

Because stomata regulate gas exchanges between plants and the atmosphere \[[@CR15]\], we measured leaf stomatal conductance (*g*~*s*~, mmol m^−2^ s^−1^), which is a variable representing stomatal opening in response to weather conditions, using a leaf porometer (SC-1, METER Group, Inc., Pullman, WA, USA). Nine dominant tree species were selected based on ranking of basal areas for this measurement. The tree species include *Millingtonia hortensis, Afzelia xylocarpa, Samanea saman, Homalium tomentosum, Dalbergia cochinchinensis, Tabebuia rosea, Lagerstroemia floribunda, Dipterocarpus alatus* and *Bauhinia purpurea.* For each tree species, five individuals were chosen and three fully-expanded sun leaves, which means leaves that were fully exposed to sunlight, were randomly selected from each individual. We chose leaves in the bottom branch and away from the stem to ensure no shading by adjacent leaves were possible. The measurements were performed every 2-h interval from 7:00 to 17:00, three times in the wet (August--October 2018) and dry (April--May 2018 and November 2018--January 2019) season. Then, *A* (µmol m^−2^ s^−1^) at tree level was calculated as \[[@CR16]\] $$\documentclass[12pt]{minimal}
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Data analyses {#Sec9}
-------------

We assessed *A* responses to VPD using regression of various models based on the patterns of data we observed from exploratory data analysis, separately for each season. Then, we performed an F-test to compare the regression patterns between both seasons. Mean comparisons of environmental data between seasons were assessed using t-test. Calculations and analyses were performed in MATLAB 2017b, The MathWorks, Inc., Natick, MA USA and SigmaPlot version 12.0 from Systat Software, Inc., San Jose, CA USA. Statistical comparison was performed in IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY USA.

*A*

:   CO~2~ absorption rate

A~max~

:   Maximum CO~2~ absorption rate

*g*~*s*~

:   Stomatal conductance

VDP

:   Vapor pressure deficit

RH

:   Relative humidity

PAR

:   Photosynthetically active radiation

SVP

:   Saturated vapor pressure

T

:   Air temperature

g~c~

:   Stomatal conductance to CO~2~

C~a~

:   Ambient CO~2~ concentration

C~i~

:   Leaf-intercellular CO~2~ concentration

LAI

:   Leaf area index
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